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Abstract 
In the CASTOR project funded by the EU and industry the emission reduction target for CO2 Capture and Storage (CCS) was set 
at 30% of the CO2 emissions from power plants in Europe, which is to be achieved during the first half of this century. The 
developed scenario shows that this target can be met, although major uncertainties remain in the timely availability of oil and gas 
fields and the storage potential of aquifers. Results show that a rapid replacement of power plants after 2011 in northern Europe 
will give ample opportunity for using CCS. 
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1. Introduction 
In the CASTOR project the emission reduction target is set at 10% of the total CO2 emissions in Europe, to be 
achieved during the first half of this century by using Carbon Capture and Storage technologies (CCS). This 
reduction target corresponds to a specific reduction target of 30% of the CO2 emitted by European power plants. To 
reach this emission reduction target it is assumed in this research project that new power plants are constructed with 
the latest post-combustion capture technologies, a transport infrastructure is developed and the captured CO2 is 
injected in geological reservoirs. 
The results of this study can be of interest for developing a CCS strategy for Europe in understanding the 
feasibility of large-scale implementation of CCS in Europe and its economical consequences. However the study 
was not tuned to existing European CCS policy and is certainly not intending to predict future CCS deployment in 
Europe. To be noted is that the study assesses CO2 source clusters and sink clusters covering only parts of Europe. 
 
2. Methodology 
A dedicated tool for cost analysis – the CASTOR EA tool, version 53 - was developed for this particular research 
[5, 6]. Before actual analyses with the EA Tool were performed, clusters of CO2 emission sources and sinks were 
defined. The total emission of an individual source cluster was roughly matched the storage potential of an 
individual sink cluster, without taking the time-dependency of emissions and the timely availability of storage 
potential into account. CCS was introduced by replacement of the initial power plants after their assumed economic 
lifetime came to an end. Replacement also accounts for a predicted increase in electricity demand from 2008 on to 
2050 (based on the IPCC-B1 scenario, 2005). The tool was compensating for the growth in power demand until the 
time when all the initial power plants were replaced by new power plants with CO2 capture. After the newly 
generated power plants with CCS were phased out in the CASTOR tool, they were not replaced by new second 
generation CCS power plants. In the long run this will lead to a decrease in power supply at the end of the 
considered time window. 
 
Figure 1 Sinks and source clusters connected with satellite pipelines and backbones. Left: North-western part of Europe; right: Central and 
Southern part of Europe 
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4266 T. Wildenborg et al. / Energy Procedia 1 (2009) 4265–4272
 Author name / Energy Procedia 00 (2008) 000–000 3 
 
The simulated new power plants were equipped with post-combustion capture technology from 2011 onwards, 
assuming a construction period of three years. The infrastructure for each combination of source and sink cluster 
consists of one linear backbone pipeline and a number of linear satellite pipelines connecting the individual sources 
and the individual sinks with the backbone. The total pipeline length including the satellite pipelines and backbone 
was automatically calculated. 
Input consists of site-specific data for individual sources and sinks and of macro-economic and general data, the 
latter mainly referring to cost factors. The input template for each source cluster holds the starting year, lifetime, 
capacity, fuel class and geographical coordinates of the individual sources in a cluster. The sink templates hold 
information on the geographical coordinates, lifetime, storage capacity, well injection capacity, and depth of the 
individual sinks in a cluster. The general and macro-economic input parameters are kept constant for all analyses. 
The necessary source- and sink-specific information was mainly taken from [2, 3], which in some cases, e.g. France 
and Greece, was updated with more detailed information. The dataset is not complete, e.g., the data on deep saline 
aquifer sinks in Germany is based on rough estimations [8]. 
 
3. Assumptions and constraints 
A large number of assumptions and constraints were made for the computations. The assumptions focus on the 
following topics: project data, initial sources, sinks, transport infrastructure, newly generated sources, revenues and 
costs. In addition to the general assumptions, also specific assumptions were defined, e.g. water depth for offshore 
sinks or start years of specific power plants in case these data were missing. The assumptions and constraints are not 
exhaustively treated here [7]. 
In the deployment of storage potential the following ranking was used, which represents a relative ranking from 
high to low storage security: 
1 Available gas fields 
2 Available oil fields 
3 Aquifer prospects 
All gas and oil fired power plants were replaced by gas fired power plants with CCS. All lignite and bituminous 
coal-fired power plants were replaced by bituminous coal fired plants with CCS. A conservative estimate of the 
aquifer storage potential was used, i.e. 10% of the storage potential in the database. The costs were not discounted 
and the price level of 2004-2005 was used. 
 
4. Results 
4.1. Matching sources and sinks 
With the exception of Italy, Belgium and Germany all source clusters were matched with sink clusters within 
their own territorial boundaries. Captured CO2 from Belgium was transported to and stored in gas fields in the 
Netherlands sector of the North Sea. The northern and southern most German source clusters stored their captured 
CO2 in offshore UK sinks. The source clusters located in the central part of Germany utilised national storage 
potential in the simulation (see Figure 1). 
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Figure 2 Total injected CO2 mass per type of sink per member state 
4.2. CO2 streams 
In total approximately 22 Gtonne was injected in sinks, the larger part of which was contributed by Germany and 
the UK. The total mass injected for Germany was approximately 9.3 Gtonne whereas for the UK roughly 6.500 
Gtonne was stored in the simulation. The injected mass of CO2 for the other member states is far less, ranging from 
about 0.2 Gtonne in Austria to 1.2 Gtonne in the Netherlands. 
The storage potential of the sink clusters assigned to the member states Portugal, Italy, Denmark, Greece and 
France is not sufficient, which results in a total injection gap of approximately 0.8 Gtonne of CO2 over the total 
simulation period. The injection gap equals the amount of captured CO2 minus the amount of injected CO2. 
Redefining the sink clusters could result in a smaller injection gap. The injection gap observed for Denmark, for 
instance, can be solved by assigning some storage potential in the UK sector of the North Sea to Denmark as the 
potential for the UK was not fully utilized. 
Despite the attempt to store most of the captured CO2 in hydrocarbon fields the results depicted in Figure 2 
indicate that aquifer storage potential is necessary to inject and store a sufficient amount of the captured CO2. 
Although EOR seems to have potential in the North Sea this was not evaluated in this research project. 
In 2050 the total emission of the selected power plants including CO2 that could not be stored declined to 161 
Mtonne/year (Figure 3). In 2033 just before all initial power plants were replaced by new power plants equipped 
with CCS technology, the CO2 emission equals about 175 Mtonne. In 2011 the emission was in the order of 700 
Mtonne/year, which means that the achieved emission reduction is significant. The emission reduction after 2033 is 
biased because from this year onwards the modelled electricity supply cannot keep pace with the growing demand in 
the model. 
The total mass of captured CO2 amounts to about 23.4 Gtonne. As post-combustion capture itself contributed an 
additional 5.1 Gtonne CO2 and 0.8 about Gtonne of the captured CO2 was not stored, the net amount avoided CO2 
over the simulation period is 17.5 Gtonne. 
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Figure 3 Total emission for the simulated source-sink clusters per member state during the period 2011-2050 
4.3. Transport infrastructure 
The largest transport network was generated for Germany (16,000 km), the UK (10,000) and Spain (6,000 km; 
see also Figure 1). For the UK and for Germany these large distances are necessary to transport large amounts of 
CO2 to many, distant offshore injection sites. A large proportion of the pipelines in these member states are offshore 
satellite pipelines. Especially in the UK more than half of the pipeline length is situated offshore, due to the 
transportation of CO2 to North Sea sinks. In Spain the use of dispersed onshore aquifer storage potential leads to a 
more extensive infrastructure. All member states except for France and Austria have a proportion of their transport 
network situated offshore. 
4.4. Costs 
Investments are high at the beginning of the simulation period, between 2011 and 2015 due to high investments 
in transport infrastructure and capture technology (Figure 4). The figure also shows a peak in the development of 
new sources between 2025 and 2030, which reflects a new phase of investments in capture technology. After the 
year 2033 the investment clearly decreases as no new plants are being built. 
The costs for transport range from €2 to €14 per tonne CO2 avoided (Figure 5). This large range results mainly 
from the variation in distance between the sources and the sinks. The costs for Ireland are the highest due to an 
extensive network of offshore pipelines in relation to a small amount of CO2 transport and injection. Spain also has 
high transport costs caused by an extensive transport network necessary to supply many dispersed aquifers. 
Injection costs range from €1 to €3 per tonne CO2 avoided, except for Ireland. These costs are equal to €5 per 
tonne CO2 avoided due to the offshore location and the large number of wells relative to the amount of CO2 to be 
stored. 
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Figure 4 Development of the total CCS investments (CAPEX) per member states in euro during the simulation period 
5. Discussion 
The analyses show a massive deployment of CCS from 2011 onwards, which is not realistic. This would imply 
that the needed investment decisions should have been taken now in 2008 leaving a three-year period for 
construction. On the other hand the analyses show that a large proportion of the current fleet of power plants is at the 
end of its economic lifetime and according to the used assumptions needs to be replaced. In reality, many of the 
existing power plants may operate longer than the lifetimes indicated in the data- sources used. 
The objective of reducing 30% of the emissions from power plants by 2050 with reference to 2011 seems to be 
feasible. The reduction of 30 percent corresponds to about 500 Mtonne CO2 per year in 2050 [1], which equals the 
realized emission reduction of about 500 Mtonne. 
The results for the period after 2033 are biased to some extent: The energy supply does not meet the energy 
demand anymore as the tool can only simulate one generation of power plants with CCS. 
Matching of the captured emissions with available storage potential was largely successful. At the end of the 
considered time window about 10% of the captured CO2 could not be accommodated in the subsurface. In other 
regions, in particular in the North Sea, there is storage potential, which was not used in this analysis, but could be 
deployed for filling the remaining shortage in storage potential. 
The main uncertainty with the gas and oil fields is their availability. In principle their storage potential is 
sufficient to accommodate the captured emissions, but as a large part of these fields is still in production and will 
therefore not be available for storage in the near future, the aquifer storage option has to be considered as well. The 
actual known storage potential of aquifers is very uncertain. In this study a rather conservative assumption was made 
that only 10% of the storage potential in the database will actually be available. 
The pipeline investment costs are assumed to be equal onshore and offshore in the present report. Offshore 
pipelines generally operate at higher pressures and lower temperatures than onshore pipelines, and are often, but not 
always 40% to 70% more expensive [4]. A cost item which was not included in the current analysis, are the 
investment and operational costs for booster/pumping stations, which in some special cases of CO2 transport and 
storage are possibly needed. 
The total costs for capture (including compression), transport and storage were not optimized. In reality more 
cost-effective solutions could be found by minimizing the transport distance and maximizing the injectivity. 
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Figure 5 Costs of CO2 transport and storage per member state in euro per tonne of CO2 avoided 
6. Conclusion 
Analyses suggest that the 30% emission reduction target for European power plants in 2050, which amounts to an 
annual reduction of about 500 Mtonne with respect to 2011, is feasible. The main uncertainties are in the timely 
availability of gas and oil fields and in the storage potential of aquifers. 
The maximum mass of injected CO2 per year amounts to 750 Mtonne. The total mass of CO2 which was injected 
equals about 22 Gtonne and is divided among the different storage options as follows: 
• Gas fields : 8.0 Gtonne 
• Oil fields  : 5.1 Gtonne 
• Aquifers   : 9.6 Gtonne 
The accumulated injection gap for the period from 2001 to 2050 is about 0.8 Gtonne. 
 
Results show that a rapid replacement of power plants after 2011 in Europe will give ample opportunity for using 
CCS. However, both gas and oil fields cannot provide enough storage capacity in the same pace power plants are 
converted to CO2 capture. This implies that additional storage potential of aquifers is needed to fill in remaining 
injection gaps. On the other hand, many of the existing power plants may in reality be phased out later than 
anticipated in the data sources used. 
If future investigations on the onshore aquifers show larger storage potential than the conservative estimates used 
in this study, significantly more CO2 could be stored in mainland Europe instead of in the North Sea. This could 
reduce the transport costs significantly. Therefore it is important to reduce the uncertainty in onshore aquifer storage 
potential in Europe. 
Transport costs range from 2 to 14 euro/tonne of CO2 avoided and storage costs range from 1 to 5 euro/tonne of 
CO2 avoided. Annual investment costs range from several billions of euro to 18 billion euro maximum. 
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